The Cul3 adaptor Btbd6 plays crucial roles in neural development by driving the ubiquitin-dependent degradation of promyelocytic zinc finger transcription factor (Plzf). Btbd6 has conserved motifs, BTB-BACK-PHR, and by analogy with other BTB-BACK adaptors, might be expected to bind to Cul3 through the BTB-BACK domain, and to substrate through the PHR domain. However, we now present a mode of adaptorsubstrate interaction through heterodimerisation between the normally homodimeric BTB domains of Btbd6 and Plzf. This heterodimerization appears to occur through monomer exchange that is detected only at or near physiological concentrations. The Btbd6-Plzf heterodimer thus formed assembles into a ternary complex with Cul3. In addition we show that the BTB and PHR domains of Btbd6 promote localisation in the nucleus and that the BACK domain contains a nuclear export signal. Our findings support a model whereby Btbd6 moves into and out of the nucleus, iteratively 'sweeping' Plzf into the cytoplasm and enabling complex formation with Cul3 that presents Plzf for ubiquitination. Abbreviations: Plzf -promyelocytic zinc-finger transcription factor; MSTmicroscale thermophoresis; BTB -Bric a brac/Tramtrack/Broad complex; PHR -PAM/Highwire/RPM-1.
Introduction
The targeted degradation of specific proteins is a key regulatory process in many biological signaling systems. This is mediated by the K48-linked polyubiquitination of proteins that marks them for degradation in the proteasome [1, 2] . In the largest family of E3 ligases, a cullin acts as a scaffold for the RING finger gene Rbx1 which recruits the E2 enzyme, and for a linker/adaptor complex that mediates binding to the substrate protein [3] . The cullins Cul1, Cul2 and Cul3 share the same overall architecture and ubiquitination mechanisms but differ in their substrate recognition modules [4] [5] [6] . In the case of Cul1, Skp1 is the linker between the cullin and an F box adaptor protein that binds the substrate [7] . The Cul2 complex has a similar structure, in which Elongin C is the linker and a SOCS box protein the adaptor [8] . In the case of Cul3, the adaptor proteins have a BTB domain and adjacent BACK domain which mediate direct binding to the cullin [8, 9] .
The Cul3 adaptors studied in most detail recognize their substrate through a MATH domain or Kelch repeats [6, 10, 11] . Studies of these adaptors have found that a socalled '3-box' motif in the BACK domain of SPOP and other BTB-BACK containing proteins greatly increases the interaction of the BTB domain with Cul3 [9, 12] . The crystal structure of KLHL11-Cul3 complex revealed the contribution of the 3-box motif to the interaction with Cul3 [13] . Indeed, it has been suggested that BTB proteins lacking a 3-box motif may not function as Cul3 adaptors [9] . In the case of SPOP, the BACK domain is also involved in high order oligomerization [9, 12] , but it is not known whether this is the case for BTB-BACK-Kelch type adaptors [14] .
A third family of BTB-BACK proteins likely to act as Cul3 adaptors have a PHR domain instead of the Kelch repeats or MATH domain [15] [16] [17] . Vertebrate genomes contain four genes of this BTB-BACK-PHR family: Btbd1-3 and Btbd6. Several studies have found potential substrates for members of this family [15, 18, 19] , but little is known regarding the function or structural basis of the interactions. In our previous work, a yeast two-hybrid screen for proteins that bind Btbd6 identified both Cul3 and a transcriptional repressor protein, Plzf [15] . Plzf is a member of the BTB ZF family of proteins, and contains an N-terminal BTB domain and nine C-terminal Cys2-His2 Krüppel zinc fingers [17, 20, 21] . Immunoprecipitation studies showed that Btbd6 binding to Cul3 and Plzf leads to ubiquitination and degradation of Plzf, promoting neurogenesis by relieving Plzf-mediated inhibition of neuronal differentiation [15] . In addition, Btbd6 was found to promote nuclear export of Plzf and thus block its activity, analogous to previous findings for the adaptor protein KEAP1 and Nrf2 transcription factor [22] .
Together, these observations reveal a mechanism in which Btbd6 enters the nucleus, binds to Plzf and promotes its export to the cytoplasm where, as a complex with Cul3, it is targeted for degradation. By analogy with other BTB-BACK adaptors, it might be assumed that the BTB-BACK of Btbd6 binds to Cul3 while the PHR domain binds to substrate. However, immunoprecipitation analysis of deletion mutants of Btbd6 unexpectedly suggests that the BTB domain and not the PHR domain of the adaptor is required for binding to Plzf [15] . This observation raises the possibility that there is a distinct mode of adaptor activity specifically tailored to BTB domain-containing substrates such as Plzf. Here we use a combination of biochemical, biophysical and cellbiological approaches to reveal a previously unseen mode of adaptor function in recruitment of BTB domain-containing substrates to cullin-dependent E3 ligase complexes.
Results

Plzf interacts with the Btbd6-Cul3 complex in vitro
In order to investigate assembly of the Btbd6-Plzf-Cul3 complex we set out to determine an interaction map for the three components using a panel of protein domains ( Figure 1A ) in binding affinity measurements employing pull-down assays, isothermal titration calorimetry (ITC) and microscale thermophoresis (MST). Studies of other adaptors have found that the BTB domain and 3-box alpha helical motif in the BACK domain mediate binding to Cul3 [9] . Indeed, the 32 amino acids immediately Cterminal to the Btbd6 BTB domain and within the BACK domain showed significant sequence similarities with the 3-box motif in other Cul3 adaptors ( Figure 1B ). Consistent with this idea, we observed a ~100-fold increase in affinity for binding of a BTB-BACK fragment of Btbd6 to the N-terminal region of Cul3 (Cul3-NTD: residues 1-379) compared with the BTB domain alone ( Figure 1C , S1 A & B). We also obtained a similar result on complex formation using Size Exclusion Chromatography Multi-Angle Light Scattering (SEC-MALS) (S2 A & B). Furthermore, and consistent with findings for other Cul3 adaptors [13] , we found that Cul3 NTD lacking the first 18 amino acids (Cul3 NTD Δ18) has a dramatically reduced affinity for the BTB-BACK of Btbd6 ( Figure 1D , S1 C and D). In contrast, the PHR domain of Btbd6 showed no interaction with Cul3 as evidenced by ITC, MST or protein pull-down assays (data not shown), suggesting that the interaction of Cul3 with the Btbd6 adaptor is entirely mediated by the BTB-BACK region.
The BTB domain of Plzf has been suggested to interact directly with Cul3 [23, 24] , as well as indirectly via Btbd6 [15] . In order to address which of these interactions is more physiologically relevant, we first expressed and purified the BTB domain of Plzf (BTBPlzf) and measured the affinity of interaction with Cul3 NTD. Quantitative analysis by MST showed that BTB-Plzf interacts with Cul3 NTD with a Kd of 2.9 μM which is around 6-fold weaker than the interaction of BTB-Btbd6 with Cul3, but, most significantly, some 240-fold weaker than that for the BTB-BACK of Btbd6 ( Figure 1C ). In contrast to Btbd6, addition of adjacent sequences from the linker region of Plzf had no significant effect on binding ( Figure 1A ). Presumably reflecting the lack of a 3-boxlike motif, and the absence of alpha helical structure when analyised using circular dichroism ( Figure 1B & S2 C and D). As seen for Btbd6, the Cul3 NTD Δ18 deletion interacted more weakly with BTB-Plzf, with a Kd ≥ 20 μM ( Figure 1D ). From these results, we conclude that Plzf can interact directly with Cul3 in a manner that is structurally similar to the Cul3 interaction with the Btbd6 BTB domain [12, 13] . However, the observation that this interaction is two orders of magnitude weaker than that observed for the Btbd6 BTB-BACK combination suggests that direct binding of Plzf by Cul3 is unlikely to play a significant role in Cul3-mediated Plzf degradation.
Btbd6 and Plzf directly interacts through their BTB domains
The foregoing data suggest that Cul3-mediated Plzf degradation proceeds not through direct recruitment of Plzf but through its interaction with the Btbd6 adaptor. Therefore, we next investigated which domains of Btbd6 and Plzf mediate binding. Previous coimmunoprecipitation studies indicated that Btbd6 binding to Plzf requires the Btbd6 BTB domain [15] . These observations were confirmed and extended using MST to study the interaction of labeled BTB-Plzf with BTB-Btbd6 and BTB-BACK. The MST binding isotherm showed two phases when labeled BTB-Plzf was titrated with BTBBACK over a concentration range of 120 nM -250 μM (Figure 2A ). Curve fitting using only the low concentration data (120 nM-15 μM) showed a strong interaction with an apparent Kd of ~470 nM ( Figure 2A ) whilst analysis using only the high concentration range (2 μM -250 μM) showed a very much weaker interaction (Kd > 500 μM). This suggests that the BTB domains of Plzf and Btbd6 may also oligomerise through low affinity interactions that are likely of no physiological consequence. In order to confirm the tight interaction between the two BTB domains, we repeated the MST experiment using labeled BTB-Plzf and titrating with BTB-BACK at low concentrations ranging from 5 nM -10 μM. These data show that the two proteins do indeed interact strongly with a similar apparent affinity as observed in the previous experiment (Kd ~ 1 μM) ( Figure 2B ). A similar affinity was obtained when using labeled BTB-Plzf with BTBBtbd6 (Kd ~ 1.3 μM), suggesting that the Btbd6 BACK domain is not involved in this interaction. Importantly, we also observed the same interaction in the inverse MST titration of BTB-Plzf using labeled BTB-Btbd6 ( Figure 2C ).
The Cul3 NTD has been previously shown to interact with a surface on BTB domains that is distinct from that involved in BTB homodimerization [9] . Since the interaction between BTB-BACK and Cul3 NTD occurs with high affinity (Kd 12 nM), it was possible to use it as a stable complex to study the interaction with Plzf. BTB-BACK and Cul3 NTD were mixed together at a 1:1 ratio and the stoichiometric complex purified by gel filtration and labeled for MST analysis. The MST data show that labeled BTBBACK-Cul3 NTD complex at a concentration of 240 nM indeed interacts with BTB-Plzf with an apparent equilibrium dissociation constant of 570 nM ( Figure 2D ). Thus, BTBBtbd6 can simultaneously interact with Cul3 NTD and BTB-Plzf through two distinct and non-overlapping interfaces to form the physiologically relevant Cul3/Btbd6/Plzf complex.
In order to test this hypothesis we performed MST experiments with labeled BTB-Plzf at three different concentrations: 250, 100, and 25 nM (where BTB-Plzf will be approximately 22, 32, and 53% monomeric, respectively). Each was titrated with BTBBtbd6 concentrations ranging from 5 nM-10 µM. The apparent Kd for the interaction between BTB-Plzf and BTB-Btbd6 increased from ~260 nM (with 25 nM BTB-Plzf) to ~1 µM (with 100 nM BTB-Plzf) and ~4.7 µM (with 250 nm BTB-Plzf) (Figure 3 c). Such behavior is explicable by interaction of BTB-Plzf with monomeric but not dimeric BTB-Btbd6 to form a heterodimer ( Figure 2E ).
Different domains of Btbd6 enable nuclear import and export
Btbd6 was found to promote Plzf relocalisation from the nucleus to the cytoplasm in zebrafish embryos [15] suggesting that Btbd6 might contain a nuclear export signal (NES). To test this possibility we used the NetNES program that searches for leucinerich NES (LR-NES) based on the sequence consensus L-
together with other characteristic properties [25, 26] . The NetNES sequence analysis of Btbd6 predicted a LR-NES motif in the BACK domain from L274 to L284 (170-AELALRSEGFSEIDLPTLE -288).
To address if L274 and L284 are indeed part of an NES motif, we made alanine substitutions of each of the two residues in full-length Btbd6 and expressed the three proteins (Btbd6-wt, Btbd6-L274A and Btbd6-L284A) as GFP fusions in HEK293 cells to visualise their subcellular localization. Wild-type Btbd6 was localised in a punctate subcellular distribution enriched in the cytoplasm and around the nuclear membrane, similar to the Cul3 adaptor KLHL7 [27] ( Figure 3A a) . Although Btbd6 L284A showed only a minor change in the subcellular distribution, the L274A mutant was mainly localised in the nucleus ( Figure 3A b & c), identifying L274 as crucial for the function of the NES motif. Since export mediated by a leucine-rich NES depends upon CRM1 [28] [29] [30] [31] [32] , we tested the effect of treating HEK293 cells over-expressing wild-type Btbd6 with a CRM1-specific export inhibitor leptomycin B (LMB). Indeed, after 3 hours of LMB treatment we observed that Btbd6 was mainly nuclear ( Figure 3A d) . Thus, Btbd6 contains a leucine-rich NES within the BACK domain that mediates CRM1-dependent nuclear export. To directly address whether Btbd6 undergoes nuclear import and export, myc-Btbd6 was expressed and immunoprecipitated from HEK293 cells, followed by mass spectrometry analysis. Among the interactors identified are proteins involved in nuclear export (CRM1 and CSE1) and import (IPO5 and KPNB1) and the nuclear pore complex protein NUP160 ( Figure 3B ).
To determine whether other sequences are present that regulate subcellular distribution, we generated fusions between individual domains of Btbd6 and GFP. We found that the BTB domain fusion protein was predominantly localised in the nucleus, whereas the BTB-BACK and BTB-BACK-linker fusion proteins were largely cytoplasmic, similar to the distribution of full length Btbd6 ( Figure 3C ). This finding is consistent with the BTB domain promoting nuclear import and the presence of an NES in the BACK domain. Likewise, the PHR and linker-PHR fusions were mainly found in the nucleus, while the subcellular distribution of the BTB-linker-PHR fusion was shifted towards the cytoplasm. However, the cytoplasmic versus nuclear distribution was much greater for BTB-BACK than for BACK-linker-PHR. This may reflect a different balance of nuclear import and export for these different combinations of domains, and/or that the ability of BTB-BACK to bind strongly to Cul3 in the cytoplasm contributes to the steady state subcellular distribution. Taken together, these results provide evidence that Btbd6 is a shuttle protein in which the BTB domain and PHR domain each promote nuclear import and the BACK domain contains a nuclear export signal.
Discussion
Specific targeting of proteins for ubiquitin-dependent degradation is largely achieved through the recognition of substrates by a large family of E3 ubiquitin ligases that number over 200 in human cells [5] . These can be classified into distinct sub-families of structurally related proteins and complexes that recruit their target proteins in rather different ways and in response to a variety of different signals. We have previously shown that nuclear levels of the transcription repressor Plzf are down-regulated by export and Ub-dependent degradation by the Cul3 ubiquitin ligase adaptor Btbd6 leading directly to primary neural differentiation in zebrafish [15] . We now show that Btbd6-dependent degradation of Plzf occurs through a Cul3 adaptor-substrate recognition mechanism that seems to be specifically tailored to recognition of BTB containing substrates.
In our efforts to more precisely define the role of each of the structural domains within Btbd6 and Plzf, we were unable to detect any significant association of Btbd6 and Plzf by ITC. However, we were able to discern two forms of interaction using microscale thermophoresis comprising a low affinity binding of Btbd6 and Plzf BTB-domain dimers, and a second high-affinity interaction observed in a much lower concentration range that appears to be consistent with protomer exchange between Btbd6 and Plzf BTB domain dimers to form heterodimeric complexes. Indeed recent structural analyses of covalently linked BTB pairs shows how conservation of residues at the homodimer interface in a subset of BTB-domain family members can accommodate protomer exchange [33] consistent with our observation of functionally significant Btbd6/Plzf BTB domain heterodimerisation ( Figure 4A ).
Since the primary interaction site of the Cul3 N-terminal region is with a distinct surface formed between the BTB and BACK domains [9] , Btbd6/Plzf heterodimers can form in the presence of Cul3 defining the heterotrimeric complex ( Figure 2D ) that appears to be the species active in Plzf ubiquitination. These observations, along with available structural data suggest a plausible molecular model of the substrate-bound Cul3/E2 complex ( Figure 4B ). In this assembly, the PHR domain extends away from the core cullin/adaptor complex, consistent with the lack of PHR binding to Cul3, while the Plzf substrate is recruited through the Btbd6 BTB domain interface on the opposite side of the cullin N-terminal stalk. Thus bound, the C-terminal linker and Zn-finger region may extend back across the complex to the E2 bound to the cullin C-terminal domain for ubiquitin transfer onto a yet to be identified lysine residue. Alternatively, encounters between Cul3/Btbd6/Plzf trimers in the cytoplasm might result in the re-association of Btbd6 homodimers accompanied by a 'hand-off' of the displaced Plzf to the ubiquitintransfer site.
Taken together, our biochemical and modeling data, along with the demonstration of a dual role for Btbd6 as a regulator of nuclear import now suggest an integrated model for developmental stage-specific down-regulation of transcriptional repression by Plzf ( Figure 4C ). Here, iterative cycles of Btbd6 nuclear entry, BTB-domain exchange with Plzf and export of the heterodimeric complexes to the cytoplasm precede docking with Cul3 and eventual ubiquitination and degradation. Protomer exchange between structurally related homodimers to form heterodimeric species is often slow and it seems likely that Plzf removal from the nuclear compartment may be rather inefficient. Nonetheless, this cyclical process is embedded in a developmentally regulated transcriptional program whereby activation of neurogenin-dependent transcription of Btbd6 results in reduced levels of nuclear Plzf through the mechanisms we have described. Down-regulation of Plzf then relieves its repression of neurogenin establishing a positive-feedback loop that ensures a quantitative and timely removal of Plzf-dependent transcriptional repression. 
Materials and Methods Protein Expression and Purification
Microscale thermophoresis (MST)
Microscale thermophoresis (MST) measurements were performed using a NanoTempervMonolithTM NT.115 instrument (NanoTemper Technologies GmbH, München,Germany). Protein samples were labelled with the amine reactive dye NT-647 using the Monolith™ NT.115 Protein Labeling Kit RED-NHS. Labeling levels (generally in the range 0.3-0.4 dye molecules per protein) were determined using calculated extinction coefficients and e647 =250000 M-1cm-1 for the dye concentration. In a typical experiment 20 μl aliquots of a 100 nM stock solution of labelled protein were mixed with 20 μl aliquots of a serial dilution of binding partner. These solutions were then loaded into standard treated capillaries and MST measurements were performed at 25oC using 20-40% LED power and 40-60% IR-Laser power. The laser Laser-On time was 30 seconds and Laser-Off time 5 seconds. All measurements were performed at least five times.
Size Exclusion Chromatography Multi-Angle Laser Light Scattering (SEC-MALLS)
Size exclusion chromatography coupled to multi-angle laser light scattering (SECMALLS) was used to determine the molar mass distributions of the BTB-Btbd6/Cul3-and BTB-Plzf/Cul3-NTD complexes. Samples (100 μl) ranging in protein concentration from 15-250 μM were applied to a Superdex 200 10/300 GL column (GE Healthcare) mounted on a Jasco HPLC equilibrated in 25 mM Tris-HCl, 150 mM NaCl and 0.5 mM TCEP, pH 8.0, at a flow rate of 0.5 mL/min. The scattered light intensity and the protein concentration of the column elute were recorded using a DAWN-HELEOS-II laser photometer and OPTILAB-TrEX differential refractometer respectively. The weight-averaged molar mass of material contained in chromatographic peaks was determined from the combined data from both detectors using the ASTRA software version 6.1.1 (Wyatt Technology Corp., Santa Barbara, CA, USA).
Mass Spectrometry
HEK 293T cells where transfected with Btbd6 pCS2 with FLAG epitope. Cells were harvested 48 hr after transfection and treated with E1a lysis buffer. The cell lysis was immunoprecipitated with FLAG antibody (Sigma F7425, Rabbit anti FLAG). The cell lysates was incubated with protein-G beads for 4 hr, and then washed 3 times. Samples were then loaded on an SDS-PAGE gel and run for 1 cm, and whole well were extracted and treated with trypsin. Cell Culture and imaging HEK293T cells were grown in DMEM media with 10% fetal calf serum (FCS), and incubated at 37C. Btbd6 wt and mutants were cloned in pEGFP1 encoding an N-terminal GFP. Cell transfection was done using FuGENE (Promega). For studying Btbd6 LR-NES, leptomycin B (LMB) was added at a concentration 2 ng/ml simultaneously with 15 ug/ml cycloheximide, and incubated for 3hr. Cells were then fixed by 2% v/v paraformaldehyde treatment, mounted and then analysed and imaged using Zeiss ApoTome.2 microscope. Images were recorded using a 100X oil objective. PSMD1  Q99460  2  PSMD2  E7EW34  4  PSMD3  O43242  2  ECM29  Q5VYK3  5  PSMB6  P28072  3  PSMA4  H0YKS0  2  PSMA6  G3V3U4  2  PSMA7  Q5JXJ2  2   Ubiquitination  Cul3  Q13618  14  CAND1  Q86VP6  14  HUWE1 Q7Z6Z7 11
Nuclear Export
Nuclear Import
Nuclear Pore Complex 
Circular Dichroism (CD)
Far-UV CD spectra were recorded on a Jasco J-815 spectropolarimeter fitted with a cell holder thermostatted by a CDF-426S Peltier unit. All CD measurements were made in 25mM Tris, 100mM NaCl and 0.5mM TCEP using fused silica cuvettes with 1-mm path length (Hellma, Jena, Germany). The spectra were typically recorded with 0.1-nm resolution and baseline corrected by subtraction of the appropriate buffer spectrum. CD intensities are presented as the CD absorption coefficient calculated on a mean residue weight basis (DeMRW). Secondary structure content was estimated using methods described previously [1] . 
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